Conclusion: Ro-28-2653, a selective and orally bioavailable MMPI with inhibitory activity against MMPs expressed by tumor and/or stromal cells, is a potent antitumor and antiangiogenic agent. In contrast to broad-spectrum inhibitors, the administration of Ro-28-2653 was not associated with the occurrence of adverse side effects that might hamper the therapeutic potential of these drugs.
INTRODUCTION
Matrix metalloproteinases (MMPs) are a family of more than 23 zinc-dependent neutral endopeptidases that are collectively capable of degrading structural components of the extracellular matrix, but also growth-factor-binding proteins, growth factor precursors, cell surface receptors as well as cell-adhesion molecules (1, 2) . Because of their occurrence in a variety of tissues, MMPs are considered as key enzymes in physiological processes including trophoblast invasion, wound healing, tissue remodeling and repair, bone resorption, and adipogenesis (3, 4) . Moreover, MMPs play crucial roles in pathological conditions such as joint destruction and cancer (1, 3) . Indeed, MMPs can contribute to virtually all stages of cancer progression, including tumor growth and angiogenesis, apoptosis, as well as tissue invasion and formation of metastasis (2, 5) . MMP expression and activity are increased in almost all types of human cancer, and this correlates with advanced tumor stage, increased invasion and metastasis, and shortened survival (2) . Overexpression of different MMPs has been detected in the tumor cells and/or in the adjacent stroma (6 -8) . Altogether, these observations laid down the rationale to develop MMP inhibitors (MMPIs) as anticancer therapy. In the past few years, a large number of small molecules containing both hydroxamate and nonhydroxamate zinc-binding sites, as well as natural products such as tetracyclines and their derivatives, were developed as inhibitors of MMPs. Numerous studies using broad-spectrum MMPIs, such as batimastat or marimastat, in different preclinical cancer models have demonstrated their ability to delay primary tumor growth and to block metastasis (9, 10) . However, the majority of Phase III clinical trials using such broad-spectrum MMPIs have been disappointing (11) (12) (13) . Several reasons, including lack of specificity, toxicity, and the stage of cancer in treated patients, can explain these poor results. It is now recognized that MMPs may have both cancer-promoting and cancer-inhibiting functions (2) . Indeed, MMPs might negatively regulate tumor cell proliferation by generating proapoptotic molecules or producing protein fragments, such as endostatin, that are antiangiogenic (2, 14) . Moreover, recent studies have also demonstrated that broad-spectrum MMPIs promote metastasis to the liver of breast carcinomas as well as lymphoma in mice (15, 16) . In addition, clinical trials revealed that prolonged treatment with broadspectrum MMPIs caused musculoskeletal pain and inflammation, thus limiting MMPI dosages administrated (13, 17, 18) . Although the precise mechanism of these MMPI-induced side effects remains poorly understood (19) , the inhibition of MMP-1 and/or non-MMP sheddase activities has been implicated (10, 17) . Therefore, the development of selective inhibitors for tumor progression-associated MMPs, although sparing selected MMPs the activity of which is either beneficial to the host or that, if inhibited, produces side effects, is likely to offer additional therapeutic possibilities. In that context, more specific MMPIs such as , BPHA (21) , MMI-166 (22) or ONO-4817 (23) have been developed. Pyrimidine-2,4,6-triones (barbiturates) are drugs used for decades as sedatives, narcotics, and antiepileptic agents. Recently, Grams and coworkers identified the pyrimidine-trione template as an efficient zinc-chelating moiety. By using structure-based drug design and combinatorial chemistry, Grams et al. developed pyrimidine-2,4,6-trione derivatives with a high selectivity toward MMP-2, MMP-9, and membrane type 1 (MT1)-MMP (24) . These three MMPs are most consistently detected in malignant tissues and are associated with tumor aggressiveness, metastatic potential, and a poor prognosis (2, 13) .
In the present study, we demonstrated that members of this new class of nonpeptidic MMPIs, such as Ro-28-2653, are potent anti-invasive, antitumoral, and antiangiogenic agents. Importantly, we show here that the use of broad spectrum MMPIs such as batimastat was paradoxically associated with an up-regulation of MMP-9 secretion by tumor cells as well as with a strong stimulation of angiogenesis in the rat aortic ring assay. These unexpected side effects, the occurrences of which need to be avoided for clinical applications, were not observed in the presence of Ro-28-2653, underscoring the benefit of using more specific rather than broad-spectrum MMPIs.
MATERIALS AND METHODS
Cell Culture. Human melanoma A2058 cells overexpressing the full-length human MT1-MMP cDNA (clone S.I.5) or the empty vector were generated as described previously (25, 26) . Human fibrosarcoma HT1080 cells, human breast adenocarcinoma MCF7 and MDA-MB 231 cells, A2058 cells, and normal human fibroblasts were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine, and penicillin-streptomycin (100 IU/ml-100 g/ml). All culture reagents were purchased from Invitrogen (Merelbeke, Belgium).
MMP Inhibitors. The broad-spectrum hydroxamate MMPIs [GI129471 (27) , BB-94 (28), and BB-2516 (29)] were synthesized by Roche Diagnostics according to the PCT Patent Applications WO 90/05719. Recombinant human tissue inhibitor of metalloproteinase-2 was produced and purified as described previously (25) . For in vitro assays, synthetic MMPIs were prepared as 10-mM stock solutions in DMSO and used at final concentrations ranging from 0.01 to 10 M in 0.1% DMSO.
Measurement of Cellular Metabolic Activity. The influence of the MMPIs on cellular metabolism was evaluated as described previously (30) using the WST-1 assay (Roche Molecular Biochemicals).
In Vitro Invasion Assay. The influence of the MMPIs on HT1080 cell invasiveness was assayed using Transwell cell culture chamber inserts (Costar) as described previously (30) . Briefly, uncoated or type IV collagen-coated (22 g/filter) filters (8 m pore size) were used for chemotaxis and chemoinvasion assays, respectively. Lower wells of the chambers contained DMEM supplemented with 20% FCS and 1% BSA (fraction V; ICN Biomedicals, Doornveld, Belgium) as chemoattractant. The upper wells were seeded with 6 ϫ 10 4 cells prepared in serum-free DMEM. MMPI solutions (0.01-10 M) or DMSO alone (0.1%) were added to both lower and upper wells of the chambers. Chambers were incubated in a humid atmosphere at 37°C, for 4 h in a chemotaxis assay or for 48 h in chemoinvasion assay (to maintain a chemotactic gradient, media from both lower and upper wells were renewed after 24 h). After incubation, filters were removed from the chambers, and processed as described previously (30) . Each experiment was performed in triplicate.
Gelatin Zymography. Gelatinolytic activities in conditioned medium were analyzed by gelatin zymography as described previously (25) . Conditioned media obtained from phorbol ester-treated HT1080 cells served as standard.
In Vivo Tumorigenic Assays. Matrigel was prepared as described previously (31) . The cell suspensions prepared in serum-free medium were mixed with an equal volume of cold liquid Matrigel (10 mg/ml) just before s.c. injection into 6 -8 weeks old female athymic nude BALB/c nu/nu mice (Iffa Credo, Les Onci, France). A final volume of 400 l of mixed Matrigel and serum-free medium (vol/vol)-containing cells (2 ϫ cells/injection site) as described previously (32) .
The synthetic MMPIs (Ro-28-2653 and BB-94) were either suspended by sonication in vehicle (0.01% Tween 20 in PBS; Ref. 33) or dissolved in 10% DMSO, 10% chremophore, and 80% PBS. Both preparations of inhibitors were injected i.p. (100 mg/kg and 30 mg/kg of mouse weight for Ro-28-2653 and BB94, respectively), every 2 days, starting the day of tumor inoculation (day 0) until the end of the assay. For oral administration, Ro-28-2653 was dissolved in 10% dimethylacetamide, 45% polyethylene glycol, and 45% PBS and was administrated orally to the mice by gavage, once a day (90 mg/kg of mouse weight), starting the day of tumor inoculation (day 0) until the end of the assay. The antitumor growth effect of the Ro-28-2653 was similar after either i.p. injection or oral administration.
In each in vivo assay, each experimental group contained at least 5-10 animals. Tumor volumes were estimated two times per week and calculated as described previously (32) . Results are expressed as the mean (Ϯ SE) of tumor volume. Nodules presenting a volume lower than 50 mm 3 were not taken into account because of the technical imprecision of the measurements and because these nodules might correspond to unresorbed Matrigel. Tumor incidence corresponds to the percentage of animal bearing tumors larger than 80 mm 3 . At the end of the measurement period, mice were killed and their tumors were excised. Tumors were frozen in nitrogen until used.
Immunofluorescence and Morphometry. Cryostat sections (5 m thick) were processed as described previously (26) . Briefly, fixed sections were incubated with antibodies raised against CD31 (rat monoclonal antibody; PharMingen, San Diego, CA) or type IV collagen (rabbit polyclonal antibody produced in our laboratory). Sections were incubated with the appropriate secondary antibodies conjugated to fluorescein-isothiocyanate (Sigma, Bornem, Belgium). Vessel density per tumor field was determined from a minimum of four tumors per group.
The Aortic Ring Assay. Rat thoracic aortas were prepared as described previously (34) . One-mm-long aortic rings were embedded in gels of rat tail interstitial collagen (1.5 mg/ml). On day 0, each dish received MCDB131 medium (Invitrogen). When indicated, synthetic MMPIs (0.001-1 M) or vehicle was added to the medium (three rings per dish, three independent experiments). The cultures were kept at 37°C in a humidified environment for a week and were examined every 2nd day with an Olympus microscope. Quantification of angiogenesis was performed as described previously (34) .
Statistical Analysis. Two-sample t test or Mann-Whitney U test were used to evaluate whether differences among groups were significant. Statistical significance was set at P Ͻ 0.05. (24) . To determine the inhibitory activity of compound 1 in a more complex in vitro system, we measured the ability of tumor cells treated or not with this inhibitor to invade through type IV collagen-coated Transwell inserts (chemoinvasion assay). In this assay, human HT1080 fibrosarcoma cells (which express high levels of MMP-2, MMP-9, and MT1-MMP) were used. The results were compared with those obtained with GI129471, a broadspectrum hydroxamate MMPI, used as reference compound. Treatment of HT1080 cells with GI129471 or compound 1 (both at 1 M) efficiently blocked the invasion process (Fig.  1A) . In contrast, neither the motility (measured by the chemotaxis assay) nor the metabolic activity (measured by the WST-1 assay) of HT1080 cells were affected (data not shown), indicating that the inhibition of HT1080 invasion by these compounds was most likely mediated through a reduced proteolytic activity. These observations thus laid down the rationale for using the pyrimidine-trione template of compound 1 as an efficient zinc-chelating moiety in the design of a novel class of MMPI with an increased selectivity for gelatinases (i.e., MMP-2 and -9). In that purpose, structurebased drug design and combinatorial chemistry have been used to optimize the residues attached at the 5-position of pyrimidine-trione core (24) . To render compound 1 more amenable to chemical manipulations, the piperidine ring was exchanged with a piperazine, resulting in compound 2 (Fig.  1A) , without dramatically affecting either its inhibitory activity against MMP-2 (24) or its anti-invasive potential in the chemoinvasion assay (Fig. 1A) . Therefore, this compound was used as a starting point for lead optimization. Different series of residues were synthesized and tested in the in vitro invasion assay as exemplified in Fig. 1 . The exchange of the phenyl residue of compound 2 for a 4-biphenyl (compound 3), an octyl (compound 4), or a decanoyl (compound 5) decreased its potency to inhibit HT1080 chemoinvasion (Fig.  1A) . In parallel, a different piperazine residue (i.e., 4-nitrophenyl-piperazine) was attached at the 5-position of pyrimidine-trione of compound 2, replacing the original 4-(2-hydroxyethyl)piperazine (compound 6). This exchange completely suppressed the anti-invasive potency of the initial molecule (compound 2; Fig. 1B ). As described above for compound 2, the phenyl residue of 5-[4-(4-nitro-phenyl)piperazine]-5-phenyl-pyrimidine-2,4,6-trione (compound 6) was replaced by different residues. Although an octyl (compound 8) failed to restore the inhibitory activity, 4-biphenyl (compound 7) or decanoyl (compound 9) residues both dramatically improved the anti-invasive capacity of the molecule (Fig. 1B) . Indeed, when used at 0.1 M, both compounds led to an inhibition of chemoinvasion of about 85%. Moreover, the strong potency of compound 7 (referred to as Ro-28-2653) was still observed at a concentration as low as 0.01 M. None of the above mentioned MMPIs significantly altered either motility or metabolic activity of HT1080 cells (data not shown).
RESULTS

Development of Synthetic MMPIs with Increased Specificity and Higher in Vitro
The characterization of the inhibitory activity of Ro-28-2653 against different metalloproteinases revealed that this compound was very potent against MMP-2, MMP-9, and MT1-MMP, but much less potent against MMP-1, MMP-3, and tumor necrosis factor (TNF)-␣ converting enzyme (Table 1) . This inhibitory profile differed radically from the inhibitory efficacy of broad-spectrum MMPIs such as BB-94 (batimastat).
Because Ro-28-2653 seemed to be a very potent inhibitor of cell invasion, its anti-invasive and antitumoral capacities were further investigated in vitro and in vivo. We first compared, in the in vitro chemoinvasion assay, the inhibitory potential of Ro-28-2653 with other well-established MMPIs, including tissue inhibitor of metalloproteinase-2, GI129471, BB-94, and BB-2516 (marimastat). As shown in Fig. 2 , Ro-28-2653 was the most efficient inhibitor of HT1080 invasion. Indeed, this compound has the highest inhibitory activity, even when used at a 1000-fold lower concentration than the other molecules.
Ro-28-2653 Does Not Stimulate MMP-9 Secretion by HT1080 Cells. It has been previously reported that broadspectrum hydroxamate MMPIs such as GI129471 and BB-94 increase the expression of MMP-9 in different in vitro and in vivo models (16, 35) . To evaluate the impact of Ro-28-2653 on MMP-9 activity, HT1080 cells were incubated during 48 h in the presence of vehicle alone, GI129471, BB-94, or Ro-28-2653, and the resulting conditioned media were analyzed by zymography. In this model, GI129471 and BB-94, but not Ro-28-2653, induced pro-MMP-9 secretion (Fig. 3) . In contrast, the secretion of pro-MMP-2 remained unaffected by all of the MMPIs. In accordance with their high inhibitory activity against MT1-MMP, these three MMPIs strongly decreased the MT1-MMP-dependent activation of pro-MMP-2 (Fig. 3) .
Effect of Ro-28-2653 on Tumor Progression in Vivo. We investigated the influence of Ro-28-2653 on the development of tumors induced by the s.c. implantation into nude mice (Fig. 4B) . Thus, Ro-28-2653 reduced significantly both the incidence and the growth of tumors induced by HT1080 cell injection.
In a second model, MDA-MB-231 cells, highly aggressive human breast adenocarcinoma cells, which express MMP-9 and MT1-MMP but less MMP-2, were used. In this model, Ro-28-2653 reduced tumor incidence from 83% in vehicle-treated mice (44 days after s.c. injection of the cells) to 50% in Ro-28-2653-treated animals (Fig. 4C) . Moreover, Ro-28-2653 inhibited by 67% the growth of tumors induced by MDA-MB-231 cell injection (Fig. 4D) .
MCF7 human breast adenocarcinoma cells produce very low levels of MMPs and are poorly tumorigenic in vivo in nude mice. Their capacity to develop tumors in vivo is not affected by broad-spectrum MMPIs such as tissue inhibitor of metalloproteinase-2 or BB-94 (33), but their tumorigenic properties are dependent on the presence of extracellular matrix components, such as Matrigel, and/or on the presence of stromal cells, such as fibroblasts. The coinjection of fibroblasts with MCF7 cells in the presence of Matrigel has been shown to enhance in vivo tumor growth in a protease-dependent manner (32, 33) . Injection of MCF7 cells in the presence of Matrigel resulted in tumor formation with a latency period (time required to obtain 100% of tumors larger than 80 mm 3 ) of about 24 days. When fibroblasts were coinjected with MCF7 cells and Matrigel, the latency period decreased to 20 days (log-rank test, P ϭ 0.003) and the volume of the resulting tumors was significantly increased (Fig. 4, E and F) . Although the administration of Ro-28-2653 affected neither the tumorigenicity nor the growth of tumors resulting from the injection of MCF7 cells alone (data not shown), this treatment completely inhibited the tumor-promoting effect of the coinjected fibroblasts. Indeed, in Ro-28-2653-treated animals, the latency period and tumor growth were identical to those observed after injection of MCF7 cells alone (Fig. 4, E and F) .
Human A2058 melanoma cells produce pro-MMP-2 but very low levels of both MMP-9 and MT1-MMP. Consequently, these cells are unable to activate MMP-2 (25). When inoculated s.c. into nude mice, A2058 cells were poorly tumorigenic. In accordance with our previous observations (25, 26) , the trans- fection of these cells with the cDNA encoding MT1-MMP endowed them with the ability to activate MMP-2 (data not shown) and led to an enhancement of their tumorigenicity (Fig.  4, G and H) . Indeed, the s.c. injection of MT1-MMP-transfected A2058 cells (clone S.I.5) resulted in a more rapid tumor take, as well as in larger tumors (P ϭ 0.026), as compared with mocktransfected cells (clone C.IV.3). This MT1-MMP-promoting effect on tumor growth was completely abolished by Ro-28-2653 (Fig. 4, G and H) . Similar results were obtained by using two different clones stably transfected with MT1-MMP cDNA (data not shown).
In a second set of experiments, we evaluated the impact of treatment discontinuation on in vivo tumor growth. Mice inoculated with HT1080 cells were treated daily during 35 days with vehicle or Ro-28-2653 (90 mg/kg of mouse weight per day; oral administration), starting the day of tumor inoculation (day 0) and then left untreated during 2 additional weeks. As observed previously, Ro-28-2653 significantly reduced the tumorigenicity of HT1080 cells (compare Fig. 4, A and B, and Fig. 5 ). After treatment discontinuation, the tumors continued to grow rapidly in vehicle-treated mice, whereas tumor volumes remained low with modest growth in the group that received the inhibitor (Fig. 5) .
Collectively, these results demonstrate that Ro-28-2653 is a potent inhibitor of tumor development. Indeed, this compound significantly reduced tumor growth and inhibited the tumor promoting effect of stromal cells. In all of these models, Ro-28-2653 was well tolerated and did not alter body weights and was as efficient by i.p. injection as by p.o. administration (data not shown).
These data emphasize the usefulness of Ro-28-2653 to target both tumor cells and the stromal compartment.
Comparison of in Vivo Efficacy of Ro-28-2653 and BB-94. To further characterize the antitumoral efficacy of Ro-28-2653, we compared its activity in vivo with that of BB-94 used as a reference compound. The antitumoral activity of these two MMPIs was evaluated in the A2058 melanoma xenograft model. In this model, highly vascularized tumors grew rapidly (Fig. 4H) and reached a volume of 480 Ϯ 88 mm 3 3 weeks after the s.c. implantation of A2058 cells overexpressing MT1-MMP (S.I.5 cells). Both of the MMPIs significantly reduced the development of these tumors. However, BB-94 was less efficient than Ro-28-2653 and only partially inhibited the tumor growth, resulting in larger tumors than those observed after 21 days in Ro-28-2653-treated mice (Fig. 6A) .
Effect of Ro-28-2653 on in Vivo and ex Vivo Angiogenesis. To evaluate the potential influence of Ro-28-2653 on angiogenesis, the A2058 melanoma xenograft model and the ex vivo rat aortic ring assay were used. As reported recently (26) (Fig. 6B) . In sharp contrast, the administration of BB-94 did not affect tumor vascularization. Similar results were obtained by using two different A2058 clones stably transfected with MT1-MMP cDNA (data not shown).
To more directly assess the effect of Ro-28-2653 on angiogenesis, this compound was tested in the rat aortic ring assay (34) . In this ex vivo model, rat aortic explants were cultured within type I collagen gel during 1 week in the presence of increasing concentrations of the MMPIs (0 -1000 nM), and microvascular outgrowth was quantified by computer-assisted image analysis. In the absence of MMPI, aortic explants gave rise to a network of endothelial cells as branching microvessels with fibroblast-like cells present as isolated cells (Fig. 6B, Control) . The addition of Ro-28-2653 (from 1 to 1000 nM) completely blocked neovessel formation (Fig. 6, B and C) . In contrast with Ro-28-2653, the addition of increasing concentrations of BB-94 (from 1 to 1000 nM) resulted in a bell-shaped dose-response curve (Fig. 6C) characterized by a lack of inhibition at the lowest concentration (1 nM), a marked proangiogenic activity at intermediate concentrations (10 and 100 nM) , and an inhibition at the highest concentration (1000 nM).
DISCUSSION
The specific alteration of the MMP expression profile observed in malignant tissues, as well as the implication of these proteinases in the major stages of cancer progression, has fueled interest in the design and evaluation of synthetic MMPIs as a novel anticancer therapy. Despite promising preclinical results in the use of MMPIs as anticancer agents (for review see Refs. 9, 11, and 36), most clinical studies involving these drugs have not shown significant efficacy in patients with advanced cancer (5, 11, 12) .
Recent studies have revealed that some MMPs might also play a protective role during cancer progression. Increased expression of MMP-12 by colon carcinoma cells is associated with increased survival (37) , and MMP-8-deficient male mice display increased skin cancer susceptibility (38) . This dual function of some MMPs during tumor progression can be an obstacle for the use of unselective MMPIs. Indeed, most MMPIs evaluated in vivo up to now target all MMPs, even those that prevent tumor progression, and so can enhance tumor growth by decreasing, for example, the production of angiogenesis inhibitors that are generated by proteolysis of larger molecules. Therefore, additional therapeutic possibilities are likely to be offered by the development of inhibitors targeting selectively tumor progression-associated MMPs, but sparing other MMPs the activity of which is either beneficial to the host or, if inhibited, produces side effects. A new generation of nonpeptidic MMPIs with improved selectivity toward a restricted number of MMPs has been recently described (10) . Most of these novel compounds are hydroxamic acid-based inhibitors and most likely bind to the enzyme in a similar way.
To develop a completely new class of MMPI with a different pharmacological profile, Grams et al. efficiently as GI129471, a broad-spectrum MMPI used as a reference compound. Structure-based drug design and combinatorial chemistry have been used to optimize the residues attached to the initial pyrimidine-trione core (24) . This optimization strategy led to the selection of 5-biphenyl-4-yl-5-[4-(4-nitro-phenyl)-piperazine-1-yl]-pyrimidine-2,4,6-trione (Ro-28-2653). This compound is characterized by a high selectivity toward MMP-2, MMP-9, and MT1-MMP (three MMPs consistently associated with tumor aggressiveness and poor prognosis), but sparing enzymes [MMP-1 and TACE (tumor necrosis factor ␣ converting enzyme)] implicated in the musculoskeletal problems observed during the clinical trials of hydroxamatederived MMPIs (19) . Furthermore, crystallographic studies have revealed that this new class of MMPI binds to the MMPs in a manner that saturates nearly all of the possible interactions of the pyrimidine core moiety to the protein, thus resulting in more interactions than seen with the typical hydroxamates (24) .
When compared with classical broad-spectrum MMPIs such as batimastat or marimastat, Ro-28-2653 showed the highest anti-invasive activity in the in vitro chemoinvasion assay, even when used at a 1000-fold lower concentration. These data thus demonstrate the potency of this novel MMPI to block the capacity of tumor cells to breach extracellular matrix barriers, one of the crucial steps involved in cancer progression (39) .
In accordance with these in vitro observations, our in vivo study in different experimental human tumor xenograft models demonstrates that Ro-28-2653 markedly affected tumor growth. It reduced both the incidence and the growth of tumor induced by the injection of HT1080-, MDA-MB-231-, and MT1-MMPtransfected A2058 cells, all expressing different sets of MMPs including MMP-2, -9, and MT1-MMP. In contrast, this compound altered neither the incidence nor the growth of tumor resulting from the inoculation of MCF7 cells that produce very low levels of MMPs, thus supporting a MMP-dependent antitumoral activity. In all of these different models, i.p. or p.o. administration of Ro-28-2653 gave rise to similar antitumor effects, was well tolerated, and did not alter the body weight of treated mice.
Accumulating evidence has revealed that carcinomas such as breast adenocarcinomas are composed not only of tumor epithelial cells but also of infiltrating stromal cells arising from the host (40, 41) . These stromal cells also secrete MMPs, thereby promoting tumor aggressiveness (8, 33, 42, 43) . When mice that had received coinjections of fibroblasts and MCF7 cells were treated with Ro-28-2653, the tumor-promoting effect of the coinjected fibroblasts was strongly impaired, demonstrating the ability of this compound to target stromal-derived MMPs. Targeting stromal cells rather than cancer cells can be beneficial because stromal cells are less likely to develop drug resistance.
MT1-MMP plays a major role in cancer progression. Indeed, the expression of MT1-MMP correlates with the malignancy of different tumor types (for review, Rev. 44) and its overexpression in tumor cell lines enhanced their invasiveness in vitro as well as their tumorigenicity in vivo (26, (45) (46) (47) . Moreover, MT1-MMP activity has been demonstrated to circumvent the growth-suppressive signals embedded within threedimensional extracellular matrix, thereby conferring tumor cells with an accelerated proliferative capacity (47) . Therefore, MT1-MMP represents an attractive target for the development of specific MMPIs. The high in vitro inhibitory activity of Ro-28-2653 against MT1-MMP (IC 50 , 10 nM) prompted us to undertake a detailed analysis of its in vivo efficacy in the human A2058 melanoma xenograft model. We have previously demonstrated that the overexpression of MT1-MMP in A2058 cells was associated with enhanced in vitro invasion and increased in vivo tumor growth (26) . Interestingly, the promoting effect of MT1-MMP on tumor growth was completely abolished by Ro-28-2653, demonstrating its high potency in vivo against MT1-MMP.
To grow efficiently in vivo, tumor cells induce angiogenesis in both primary tumors and metastatic foci. Accumulating evidence has revealed the involvement of MT1-MMP during both physiological and pathological angiogenesis (44, 48, 49) . In the A2058 experimental model, MT1-MMP expression by tumor cells was shown to promote tumor vascularization (26) . This MT1-MMP proangiogenic activity was markedly reduced in Ro-28-2653-treated mice, as revealed by a lower blood vessel density. Furthermore, we show that this MMPI was also able to completely block neovessel formation in the rat aortic ring assay, highlighting the usefulness of this MMPI as a powerful inhibitor of angiogenesis. The antiangiogenic activity of Ro-28-2653 can be partly ascribed to its capacity to down-regulate the expression of vascular endothelial growth factor by tumor cells expressing MT1-MMP (50) . Collectively, these data suggest that Ro-28-2653 can be envisioned as a potential antiangiogenic compound for primary tumors and as a therapeutic agent that can help maintain small clusters of metastatic cells in a dormant state.
We reported previously that, despite their ability to block tumor cell invasion in vitro, some MMPIs paradoxically increased the expression of MMP-9 by these cells (35) . In agreement with these observations, we confirmed here that the treatment of HT1080 cells with two different broad-spectrum MMPIs (GI129471 and BB-94) increased MMP-9 secretion. In contrast, such an up-regulation was not observed in the presence of Ro-28-2653. Interestingly, BB-94-treated mice have been shown to display a liver-specific increase of MMP-9 expression that was associated with a higher number of liver metastases (16) . When Ro-28-2653 was evaluated in the same in vivo model, MMP-9 level in the liver remained unchanged and the number of liver metastases was strongly reduced (51) .
The comparison of the in vivo efficacy of BB-94 and Ro-28-2653 in the human A2058 melanoma xenograft model demonstrated the superiority of Ro-28-2653 as antitumor agent. The lower antitumoral activity of BB-94 can be partly ascribed to its inefficiency in reducing the vascularization of these tumors. In support of this hypothesis, the comparison of the antiangiogenic activities of these two MMPIs in the rat aortic ring assay confirmed the higher efficacy of Ro-28-2653 as antiangiogenic drug. Moreover, BB-94 paradoxically promoted the formation of microvascular outgrowths when used at concentrations ranging from 10 to 100 nM. The exact mechanism of this dose-dependent proangiogenic activity is uncertain. However, the up-regulation of proangiogenic factors observed in the livers of BB-94-treated mice supports a direct effect of this MMPI on the angiogenic process (16) . MMP-9 has been shown to trigger angiogenesis by releasing matrix-bound vascular en-dothelial growth factor (52) . Therefore, the promoting effect of BB-94 on MMP-9 expression can indirectly foster the formation of new blood vessels. Alternatively, BB-94 may also inhibit some proteinases the activity of which generates angiostatic factors such as endostatin. The unexpected proangiogenic activity of BB-94 thus emphasizes the potential detrimental impact of nonspecific MMPIs on cancer progression.
Interestingly, the administration of Ro-28-2653 in mice, rats, and monkeys did not induce any histopathological alteration of the joints, a major adverse effect frequently observed with broad spectrum MMPIs. 4 Taken together, these different observations underscore the advantage of the use of more specific rather than broad-spectrum MMPIs, especially in the light of side effects, which need to be avoided for clinical applications.
In the light of our in vitro and in vivo results, Ro-28-2653, a pyrimidine-2,4,6-trione derivative, represents an attractive new class of orally available selective MMPIs with potent antitumoral and antiangiogenic activities. In contrast to broadspectrum MMPIs such as BB-94, the administration of this novel MMPI was not associated with the occurrence of adverse side effects that might reduce the therapeutic potential of these drugs.
